Introduction
Di abetic foot leads to infection, ulceration, and/or destruction of deep tissues in the lower limb of patients with diabetes mellitus (DM). 1 Foot disorders are said to be the most serious and costly complications of DM. 2 Patients typically have neurological abnormalities and/or various degrees of peripheral vascular disease. The prevalence of foot ulcers is 4% to 10% in patients with DM. 3 Diabetic foot affects a patient's physical condition, long-term prognosis, 4 and health-related quality of life. 5 Therefore, as the number of patients with DM is increasing, 6 early detection and effective preventive methods for diabetic foot is essential.
Thermometry of the diabetic foot is an effective way to assess risks of ulceration. 7 It has been shown that monitoring foot skin temperature provides clinical information before other clinical signs of injury can be identified. 8 Lavery and coauthors 9 and Armstrong and coauthors 10 have shown that monitoring foot skin temperature at home could reduce the risk of diabetic foot ulceration. It is known that chronic temperature elevation may be observed in the neuropathic diabetic foot, mainly by increased arteriovenous shunt flow. [11] [12] [13] Impaired thermoregulation causes unstable skin temperature in the neuropathic diabetic foot. 14 Thermography has an advantage to visualize morphological patterns of temperature distribution 7, 15 compared with conventional devices such as contact infrared (IR) skin thermometer. 9, 10, 16 Thermography is noninvasive and easy to use by clinicians of various backgrounds. We reported temperature elevation in an inflammatory callus in the diabetic foot using IR thermography for screening latent inflammation. 17 The IR thermography was also used in diabetic foot thermometry studies. 13, 18 A whole image of the plantar temperature distribution can be obtained by IR thermography; however, previous studies have not fully explored the potential to analyze the whole filed image data comprehensively for better clinical decisions. 19 There are only a few articles that describe thermographic morphological patterns of plantar temperature. Chan and coauthors 12 used liquid crystal thermography to designate temperature distribution in nondiabetic subjects as a "symmetric bilateral butterfly pattern" in which the medial arch showed the highest temperature. Stess and coauthors 20 reported that such a typical symmetrical pattern was observed in only 9 out of 16 nondiabetic subjects.
There are three major reasons why it may be difficult to interpret thermographic patterns. (1) There is lack of sufficient information of thermographic patterns even in nondiabetic subjects. (2) There is lack of an appropriate classification method for the plantar thermographic patterns, particularly focusing on the vascular anatomy and circulatory status of the foot. (3) There is no objective way to assign a thermographic image to certain categories. To overcome the difficulties of 1 and 2, we proposed a classification method for plantar thermographic patterns according to the concept of angiosome. 21 After the concept was introduced in the field of plastic surgery, 22 it has widely been applied to most of the surface areas of the body. Attinger and coauthors 23 proposed two angiosomes in the distal forepart of the plantar area: the medial plantar artery angiosome and the lateral plantar artery angiosome. They also proposed two angiosomes in the heel part of the plantar area: the medial calcaneal artery angiosome and the lateral calcaneal artery angiosome. We believe it is reasonable to consider that the abnormal "mottling" patterns in patients with DM are caused by vessel stenosis or arteriovenous shunts and correspond to the districts of the plantar angiosomes. Based on the angiosome concept, we previously proposed a classification method with 20 different plantar thermographic pattern categories. We distinguished five different patterns in the distal area (Figure 1 ) and four patterns in the heel area and obtained the conceptual 20 different categories. Our previous classification method proved insufficient because it is too subjective and complicated for clinicians to distinguish 20 categories in daily situations, although the observation of the thermographic pattern according to the angiosome-based method may give us an important clue regarding diabetic foot.
In this study, we propose a new classification system of plantar thermographic patterns using an image segmentation technique. One of the most effective strategies to prevent diabetic foot ulcers is prevention of callus formation in patients with DM. Callus is said to be a pathway preceding to foot ulcers and involves hyperkeratosis caused by excessive mechanical loading. 1 Calluses are more frequent under a bony prominence, such as the metatarsal head, and it is shown that the relative risk for ulceration in a callused area is 11.0 times higher than that of an area without callus. 25 Thus, we concentrate on constructing a system that classifies thermographic patterns of the distal forepart area in this study. Based on the progress of computer vision algorithms on nonparametric clustering, we developed an image segmentation method of plantar thermography and utilized it to classify plantar thermography patterns. The segmentation algorithm is based on the idea of associating each thermography image pixel to a mode of underlying probability density function. 26, 27 We utilized an extension of noniterative medoid shift algorithm to segment each thermography image into visually coherent parts. 28, 29 The form of the parts can be regarded as morphological pattern. Thermographic images from both the nondiabetic control subjects and the patients with DM were allocated to some categories by the classification system. We evaluated the individual thermographic variations as well as trends between nondiabetic control subjects and patients with DM by the system. We also compared the patterns obtained by our previous angiosome-based research and by the new classification system.
Methods
A cross-sectional observational study was conducted including 32 healthy volunteers as the control group and 129 patients with DM as the DM group. The DM group participants were recruited from the patients at the Diabetic Foot Outpatient Clinic at the University of Tokyo Hospital between November 2008 and October 2009. Patients <20 years old or patients with active foot ulcers were excluded.
Age and sex were recorded for each subject of the control and the DM group. The ankle brachial index (ABI) and toe brachial index (TBI) were measured using form pulse-wave velocity /ABI BP-203RPEII (Omron Colin Co. Ltd., Tokyo, Japan) for the control and the DM groups. The type and duration of DM and the National Glycohemoglobin Standardization Program glycosylated hemoglobin value averaged over 1 year were collected only in the DM group from the patients' charts. Motor neuropathy was evaluated using the Achilles tendon reflex. If the reflex was diminished or absent bilaterally, the patients were diagnosed as having motor neuropathy. Sensory neuropathy was evaluated using the Semmes-Weinstein monofilament test and vibratory sensation test. 2 Angiopathy was evaluated using the ABI and TBI. If ABI was no more than 0.9 or TBI was less than 0.7, the patients were diagnosed as having angiopathy. 30 Thermographic images of the bilateral feet were taken from all participants. The subjects were instructed to lie in supine position without shoes and socks for 15 min in a room controlled at 26.5 ± 0.5 °C before measurement. Images were taken using IR thermography Thermotracer TH5108ME (NEC Avio Infrared Technology Co. Ltd., Tokyo, Japan). Research nurses specialized in diabetic foot care took thermographic images in a consistent manner. The research nurses tried to photograph each foot while keeping both the vertical and horizontal centers of each foot aligned with the respective vertical and horizontal centers of the thermographic image. The forefoot parts were placed in the upper part of the image, and the heels were placed at the bottom part of the image.
In the angiosome-based method, 21 each plantar thermographic image was divided into the distal forepart and the heel part by a plastic surgeon with experience in diabetic foot care. Then the distal forepart of each image was allocated to the five categories (Figure 1) . To avoid observation bias, the two trained research nurses further confirmed the allocation. When the categorization differed among the investigators, the images were reviewed again by all three investigators to make the final decision. If the images did not correspond to any of the five categories, they were designated as "atypical."
To objectively allocate the plantar thermographic image into several types, we developed a new image classification system. Usually, a plantar thermography image is associated with a temperature color bar (Figure 2 ), but here, the same color in different thermography images sometimes corresponds to a different temperature. For example, orange corresponds to 33.0 °C in some images, but to 34.0 °C in other images. Our image processing system adjusts the original thermography into the corrected image by utilizing the color bar (Figure 3) . In the system, the adjusted thermography image is converted into corresponding gray scale temperature image (Figure 4) . The higher temperature is assigned brighter white luminance, and the lower temperature is assigned darker luminance. We developed an image-partitioning algorithm to segment each plantar thermography image into several visually coherent image parts. The segmentation algorithm is implemented based on a mode-seeking method that can be used to partition an image into a set of visually close pixels. 29 The tradeoff parameter between color importance and spatial importance was set to 0.75. The larger value means more importance to color, that is, the clustering is more dependent on color resemblance than spatial nearness. The size of the kernel used to estimate the density was set to 2.0. The kernel size is the standard deviation of the Gaussian Parzen window. And the maximum distance between points in the feature space that may be linked was set to 50. If the maximum distance value increases, the area clusters become larger because less similar points can be linked. These were determined based on several pretests using sample plantar thermography images. The intermediate segmentation subgroup is calculated during the segmentation process in the system ( Figure 5 ). After the segmentation process, the system outputs the segmented thermography image (Figures 6  and 7) . Typically, approximately 50 to 65 regions were extracted for each whole rectangle thermographic image containing both feet. Then the distal part of the plantar thermography images were clustered and categorized into several groups using spacial relationships among the visually coherent image parts of the plantar forepart. The central area of each plantar forepart was determined by the system based on the assumption of the place and the size of each foot in the thermographic photo images. The overall image processing takes about 30 s for each thermographic image. The image processing code was written in MATLAB R2012a script (The Math Works Inc., MA).
Statistical differences of the parameters between the control group and the DM group were analyzed using the t-test or chi-square test. Statistical analysis was performed using MATLAB R2012a. This research was approved by the ethics committee at the Graduate School of Medicine and Faculty of Medicine, the University of Tokyo (#2308-(1)). Written informed consent was obtained from all subjects of the control and the DM group. 
Results
Thirty-two healthy nondiabetic volunteers (36.8 ± 11.8 years old) and 129 patients with DM (67.2 ± 10.5 years old) were recruited. The age of the DM group was significantly higher than in the control group. The ratio of male/female of was significantly higher in the DM group than in the control group. The ABI was significantly higher, and the TBI was significantly lower in the DM group compared with the control group ( From a total of 64 feet from the 32 nondiabetic control volunteers, the system found four categories (types 1, 2, 4, and 6) for 47 feet, and the remaining 17 feet were assigned as anomalous (Figure 8) . The most frequent category contained similar patterns in type 1 (28 feet, 44%) of our previous research. 21 Among the 28 feet, the butterfly pattern was shown in 27 feet. The next frequent category can be regarded as type 2 (12 feet, 19%). The system also found 2 feet as having similar category of type 4 pattern of our previous research. The system automatically found a new pattern, type 6 (Figure 9) . In the type 6 pattern, the forefoot has relatively lower temperature than other area. There were 17 atypical feet in the nondiabetic control group. Thermographic patterns of the plantar forepart in the DM group showed wider variations than in the control group (Figure 10) . The patterns were classified into six categories, which means that another new, different pattern, type 7, was found automatically (Figure 11) . Although the two most frequent categories were the same, types 1 and 2, the frequency was reversed from the control group to the DM group. This reversal was also seen in our previous subjective research. The most frequent category was type 2 (118 feet, 46%), and the next was type 1 (31 feet, 12%). Many DM feet were allocated to type 4 (18 feet, 7%). Other large pattern types were type 5 (17 feet, 7%) and type 6 (11 feet, 4%). The atypical thermographic patterns were observed in a considerable 60 feet in the DM group. Of 60 atypical DM feet, 23 feet seemed to have inflammation symptoms (Figure 12) , and over half (37 feet) of atypical patterns in the DM group seem similar to type 6 or type 7 subjectively (Figure 13) . result of the classification. It should be noted that the categorization by our previous research 21 is subjective and not the gold standard.
To inspect whether the thermographic pattern of the plantar forepart reflects circulatory status, values of ABI and TBI between the subgroups of the DM group were compared. The first subgroup is type 2+4 subgroup that consists of patterns (whole-high pattern and innerhigh pattern) having relatively higher temperature in the plantar forepart. The second subgroup includes the rest patterns. The ABI was significantly higher (p < .001) in the type 2+4 subgroup (1.16 ± 0.14) than in the other groups (1.05 ± 0.23). The TBI was also significantly higher (p < .01) in the type 2+4 subgroup (0.73 ± 0.16) than in the other groups (0.67 ± 0.19). We also compared the values of ABI and TBI of the DM subgroup type 2+4 with the DM subgroup type 1+5+6+7, excluding atypical patterns. The ABI was significantly higher (p < .01) in the type 2+4 subgroup than in the type 1+5+6+7 group (1.08 ± 0.17). The TBI was also significantly higher (p = .025) in the type 2+4 subgroup than in the type 1+5+6+7 group (0.67 ± 0.17). The type 2+4 subgroup was 63.6%, 72.6%, 80.8%, and 87.5% in IWGDF (International Working Group on the Diabetic Foot) classification groups 0, 1, 2, and 3, respectively. Also, atypical patterns were found 18.2%, 29.8%, 30.8%, and 50% in IWGDF classification groups 0, 1, 2, and 3, respectively. 
Discussion
The present study is the first to show objectively the wider variation of the characteristics of plantar thermographic patterns in patients with DM compared with those in the nondiabetic control subjects using a newly developed computer-based classification system. Furthermore, the system revealed that the two most frequent categories are type 1 typical "butterfly pattern" and type 2 that may represent the condition that both medial plantar artery and lateral plantar artery angiosomes are intact, and the frequency is reverse between the control group and the DM group, which may reflect chronic temperature elevation in neuropathic feet. [11] [12] [13] 19, 20 Thermography of the control group revealed that type 1 and type 2 categories were representative of normal feet. Among the 17 "atypical" feet in the control group, 4 feet from two subjects were characterized by having high temperature in the hallux. High temperature in most toes was observed in the other 4 feet from the two subjects. These high-temperatured 8 atypical feet are the same as those in our previous study. 21 Again, we think that the high temperatures in these 8 feet are caused by arterial anatomical variation because the thermographic images were similar to type 1 "butterfly pattern." Irregular temperature elevation of the toe was observed in 6 feet from five subjects. Four feet from four other subjects had hot spots that can be interpreted as latent inflammation as we reported. 17, 21 The majority (77%) of the plantar forepart thermographic patterns of patients with DM could be allocated to six categories. This can be interpreted as irregularity of blood supply. A considerable number of the DM feet were allocated to types 4 and 5, which may suggest stenosis of lateral plantar artery. Among the 60 atypical feet in the DM group, 23 feet were probably due to latent inflammation as in our previous report. 6 The gold standards for estimating blood flow are ABI for the lower leg and TBI for the toe. In this study, the TBI was significantly lower in the DM group than in the control group. This may be reflecting decreased blood supply in the distal part in the DM group. This hypothesis is supported by the finding that TBI was lower in the type 1+5+6+7 subgroup than in the type 2+4 subgroup within the DM group. The finding that both ABI and TBI were higher in the type 2+4 subgroup within the DM group suggests the possibility of angiopathy screening by plantar thermography patterns.
This study has several limitations. Some bias of variations might exist in the nondiabetic control group because the number of subjects was small. Age and sex were not matched in the control group, and this may cause some difficulty in interpreting the data. Another limitation of this study is that our novel computer-based classification concentrated on the forepart of thermography patterns. Also, association between risk of diabetic foot ulcers overall and our new classification was not analyzed precisely. As described in the previous article, 21 20 categories may be too complicated for clinical use. We opined that distinction of the six subtypes of the distal area might be sufficient for providing information for screening an indication of diabetic foot. With the knowledge that the distal area is a frequent area of callus formation, even the forepart classification contributes to diabetic foot assessment and prevention. The observation of thermographic patterns and its type classification should help to appraise comprehensive vascular abnormality of the foot and to determine the frequency of check-ups based on the state of neuropathy, callus/corn formation, ulcers, and foot deformity.
Conclusions
A new objective computer-based classification system of plantar thermographic patterns is realized. The system utilizes an image segmentation method developed based on a medoid shift clustering algorithm and categorizes the distal forepart of the plantar thermographic patterns objectively. In the nondiabetic group, more than 62% of the plantar forepart thermographic patterns of feet were allocated to the two typical categories, whereas 77% of the patterns of the group of patients with DM were variously allocated to six categories. The thermographic patterns found by the new objective computer-based system were similar to those found in our previous subjective work, which found three forepart patterns in the nondiabetic controls and five in the patients with DM. Forefoot-low pattern and tiptoe-low pattern were newly found by the classification system. This is the first study to show wider variations in the patients with DM than in the nondiabetic control subjects in an objective way. The system based on IR thermography will be extended to be a screening tool to assess circulatory status in daily foot care of patients with DM. 
